Currently, with the power electronics evolution, a major research axis is oriented towards the diagnosis of converters supplying induction machines. Indeed, a converter such as the inverter is susceptible to have structural failures such as faulty leg and/or opencircuit IGBT faults. In this paper, the detection of the faulty leg and the localization of the open-circuit switch of an inverter are investigated. The fault detection technique used in this work is based essentially upon the monitoring of the root mean square (RMS) value and the calculation of the mean value of the three-phase currents. In the first part of the paper work, the faulty leg is detected by monitoring the RMS value of the three-phase currents and comparing them to the nominal value of the phase current. The second part, the open-circuit IGBT fault is localized simply by knowing the polarity of the calculated mean value current of the faulty phase.
Introduction
Nowadays, inverters are widely used in a variety of industrial applications such as variable speed drive applications, emergency power supplies, renewable energies, Solar photovoltaic and wind turbines systems, ... etc.. Their wide range of power and flexibility of use in terms of advances in power electronics have contributed to their success. This evolution has made it possible to reduce the cost and the size of the static converters, and to increase their reliability, as well as to exploit more efficient control techniques [1] .
Research studies are now more interested in multi-level converters topologies. Currently, the Packed U Cell (PUC) converter is the most advanced topologies of all multi-level converters. Some researchers have mobilized their knowledge and skills to study this type of converter topology proposing improved design [2] . Their study has shown that this topology has the merit of reducing the number of switches as the number of levels. Hence, increasing reliability, reducing the cost of implementation, increase besides topology complexity compared to other existing topologies such as Neutral Point Clamping, Flying Capacitor, Cascaded H-Bridge and Hybrid Cascaded H-Bridge. Authors in [3] address an implementation of transformer-less advanced multi-level topology in field of PV applications. They conclude that thanks to this topology, the shapes of the current and voltage are almost sinusoidal and a filter is not necessary. In another paper [4] , searchers propose an interesting design and give an analysis study of hybrid photovoltaic-fuel cell power generation system for a PUC Topology. All the studies cited previously confirm the merits of this competitive multi-level PUC topology and highlight the benefits of using this advanced PUC design.
Space Vector Pulse Width Modulation (SVPWM) is a universal technique that is one of the most suitable for induction motor control and the most widely used in industry [5] . Despite the fact that electric drives are considered robust compared to other types of drives, these assemblies are exposed to the risk of failure. A feedback from a conducted industry study on medium-power drives confirms that most of the faults of a converter-motor system occur in the converter with its control [6] . Fig. 1 depicts a percentage of faults distribution in static converters. By statistics, 38 % of the faults are linked to the converters and 31 % of the faults occur at the level of IGBT switches which are essential elements of the commutation in static converters [7, 8] .
It is to be noted that the fault detection of these switching elements is almost difficult because the voltage and current vary rapidly compared to the normal operation. This failure type causes severe constraints that can lead to secondary faults in the inverter, the motor or the load, leading to a degraded performance system and may damage it [6] . It is therefore obvious that the investment in the field of detection of faults seems an inevitable solution. Several researchers have carried out their investigation in relation to the field of faults detection and localization in static converters and more particularly those related to three-phase power inverters [9, 10] .
The IGBT switch failures in static converters can be divided into two categories: short-circuit faults and open-circuit faults [11] . The short-circuit IGBT faults are caused by gate circuit degradation, impact ionization, bond wire rupture, and over-current [12] . The system can shut down in case of this type of failure, because circuits protection (circuit breakers and fuses) are blocking its sources [13] . The open-switch faults can be usually caused either by device driver failures, the connections rupture leaded by over-heating or the lift of bonding wire resulting from thermic cycling [13] . Contrary to short-circuit faults that cause system shutdown, open switch IGBT faults do not, but induce to the degradation of its performance. Most of the diagnosis works are therefore devoted to the inverter open-circuit fault IGBT switches [9, 14, 15] .
Most of published papers on open-circuit fault detection are based on the Park's current vectors approach. The detection is done by monitoring the current's trajectory in the d-q frame. Indeed, the last draws a complete circle in the case of a healthy state, and becomes a semicircle when an open-circuit IGBT fault occurs, and the circle orientation allows to localize the faulty IGBT [14] . In order to localize the faulty IGBT switch, another paper work used the mean value of the phase currents in Park's frame to extract the open-circuit fault angle of each IGBT switch [15] . This method presents unfortunately an inconvenient as it depends on the load. To overcome the problem, the normalized DC current method was suggested by some authors; which is mainly based on the calculation of the dc component of the current and the first order harmonic coefficients of the three-phase currents [8] . The Park's current vectors approach has been improved by employing the polar coordinates to calculate the exact angles of each IGBT switch [16] . A review of some detection techniques mentioned above are discussed and compared in [8, 10] . Spectral analysis techniques are preferred by other researchers. In these techniques, the current spectrum is analyzed to detect the harmonics characterizing the faulty open-circuit IGBT switch. A fast Fourier transform is used for the spectrum analysis; a relatively high computing power is required [17] . Another paper presents the analysis of an inverter switching faults using the Short Time Fourier Transform (STFT) [18] . To overcome false diagnosis alarms and increasing the robustness under wide range load condition, fuzzy logic or neural network based approaches can be applied [19, 20] . Some authors use fuzzy logic technique associated with the Park vectors for the diagnosis of faults in an inverter fed induction motor [20] . Another work presents a discrete wavelet transform (DWT) diagnostic technique associated with neural network (NN) algorithm [19] . It is to be noted that the time detection of the open-circuit IGBT fault is over a fundamental current period [8] .
The monitoring of the RMS value of the electrical quantities of a system is a standard approach in almost all industrial installations. Based on this fact, some researchers [21] proposed a special RMS voltage-based fault diagnosis method for open Switch Fault in Wind System permanent magnet synchronous generator (PMSG) drives. The detection process is done without threshold setting. Others researchers [22] had the idea to build his approach of IGBT open-circuit fault detection on the monitoring and comparison of the instantaneous RMS value of the current of a DC-DC converter at the rated normal RMS. The significant change in the RMS value relative to the normal RMS is considered as an indication of the fault detection and localization. This diagnostic process based on the RMS value, is both simple and effective. The aim of this paper is to propose a simple and efficient technique based on the monitoring of the RMS value combined with the calculation of the mean value of the inverter three-phase currents in order to detect and to localize an open-circuit IGBT switch fault of a two-level three-phase inverter. Fig. 2 shows a structure of a two-level three-phase inverter fed induction motor. This inverter is controlled by the PWM vector control strategy. Fig. 3 shows the three-phase currents for the case of a healthy inverter. It can be observed that the phase current takes the form of an almost perfect sinusoid. It is to be noted that, in all the following three-phase currents waveforms; the current i a is assigned in blue color, the current i b is assigned in green color and the current i c is assigned in red color. Fig. 4 depicts respectively the RMS value and the mean value of the three-phase currents for the healthy inverter case. It is seen that the RMS currents are at the rated value, and the mean-value current are zero for the threephase currents (i a , i b , and i c ). Fig. 5 shows the waveforms of the inverter three-phase currents for the faulty inverter case. As an example, a fault that appears in phase A is considered occurring in a faulty leg-A of the three-phase voltage inverter. This implies that this may be an open-circuit fault of the IGBT switch K 1 or an open-circuit fault of its complement the IGBT switch K 2 .
Fault analysis of an IGBT open-circuit and its impact on the inverter phase currents shape

Healthy state case
Faulty case state
As shown in Fig. 5 , it can be observed that the threephase currents change in shape at the instant of the IGBT K 1 open-circuit fault application. The current of phase A loses its positive alternation and its amplitude increases. As for the phase B, its current keeps its quasi-sinusoidal shape but its amplitude also increases. For the phase C, the current also keeps its quasi-sinusoidal form but its amplitude decreases. It can also be seen that the two phase currents B and C are shifted upwards.
In the case of an open-circuit fault of the IGBT K 2 (complement of K 1 ), it can be observed from Fig. 5 that the current of the phase A this time loses its negative alternation and its amplitude also increases. As for the phase B, the current maintains its quasi-sinusoidal shape but its amplitude also increases. For the phase C, the current also keeps its quasi-sinusoidal form but its amplitude decreases. In this case, the two phase currents B and C are seen to be shifted downwards. The values that need to be monitored and calculated are by definition the RMS and the mean values over one period T of a current signal i(t) [23] .
The discrete equations are given below as follows: 
Where, the values i(n) and i 2 (n) are the samples of the periodic signal and N is the number of samples during one period T. The N samples are equally spaced along one complete signal period.
The following flowchart in Fig. 6 explains first the procedure of detecting the faulty arm and later the IGBT switch fault localization.
Inverter faulty leg detection
To begin, three current sensors are placed to monitor the evolution of the RMS current in each of the three phases. In the healthy state, the effective value of the current in the three phases A, B, and C is equal to the nominal RMS value of the phase current i r RMS . When the fault occurs (let say applied at time t = 1.5 s), the RMS values of these three-phase currents change with the amplitude change of the three-phase currents. The detection of the faulty arm is done by comparing the new effective value of the current of each phase with the nominal RMS value of the phase current. Fig. 7 depicts respectively the evolution of the RMS and the mean values of the three-phase currents of the inverter under the faulty legs A, B and C.
As shown in Fig. 7 , when a fault occurs in the leg-A of the inverter, the monitoring of the RMS value of the currents shows an increase in the phases A and phase B and a decrease in the phase C. When a fault reaches the leg-B, the monitoring of the RMS value of the currents shows an increase in the phases B and phase C and a decreases in the phase A. And finally, when a fault occurs in the leg-C, the monitoring of the RMS value of the currents shows an increase in the phases C and phase A and a decrease in the phase B. It can be concluded from these findings that for each case of an inverter leg opening fault, the RMS value of the current decreases in one phase and increases in the other two phases.
Inverter faulty IGBT switch localization
The IGBT fault localization is achieved by the calculation of the mean value of the phase current of the faulty leg. In the healthy state i a Mean , i b Mean , i c Mean are zero. By cons, in the event of a fault these mean values of phase currents take values other than zero. The positive or negative sign of the mean value of the current of the phase connected to the faulty leg allows us to localize the faulty IGBT. Fig. 8 shows the evolution of the mean value of the three-phase currents of the inverter in the presence of an open-circuit fault of each one of the six IGBT switches constituting the three legs of the three-phase voltage inverter.
As shown in Fig. 8 , when the mean value of the current of the faulty phase is negative, this implies that the faulty IGBT switch is that at the top. By cons, if the mean value of the current of the faulty phase is positive, this implies that the faulty IGBT switch is the one at the bottom. Let us now consider as an example the leg-A which consists of two IGBT switches K 1 and K 2 . When a fault occurs at the IGBT K 1 level, the mean value of the current of the phase A takes a negative value (the polarity is negative). By cons, when a fault occurs at the IGBT K 2 level (the complementary of K 1 ), the mean value of the current of the phase A takes a positive value (the polarity is positive). Table 1 summarizes the three possibilities defining the fault opening of the three legs A, B and C respectively and hence also the fault possibilities of the IGBT switches The choice to use a combination of different types of values (RMS value and mean value) is to combine efficiency, speed and robustness against false alarms. Monitoring the RMS value of the current makes it possible to quickly detect the faulty leg (faulty phase). The polarity of the mean value of the faulty phase current makes it possible to localize the faulty IGBT switch.
Experimental results
At this stage of the paper, it is to note that all the simulation results obtained and illustrated by the various graphs above are validated using the experimental work. The experimental results which are presented in the following part of this paper work are conducted using the test-rig built by the Group Diagnostic in the LDEE laboratory at the university USTO-MB shown in the photo of Fig. 9 the acquisition time will be taken as T acq = 5 s and the sampling frequency Fe = 1500 Hz. The inverter is a fabricated "SEMIKRON SEMITEACH-IGBT" model controlled by a dSPACE 1104 board. "FLUKE i30s" 
Open-circuit K 6 i cMean > 0 current clamp sensors and "Tektronix P5200" voltage sensors are used. Fig. 10 depicts the experimental results of the three-phase waveforms currents (i a , i b and i c ) for the healthy inverter case. Fig. 11 shows the experimental results of the RMS value and the mean value for each of the three phases in the healthy inverter case. Fig. 12 shows the waveform of the three-phase currents in case of presence of an open-circuit fault at the IGBT switch K 1 and its complementary the IGBT switch K 2 . Fig. 13 shows the experimental results of the evolution of the RMS value for each of the three phases when a fault occurs in the three legs A, B and C respectively when an IGBT K 1 fault and its IGBT K 2 complementary occur. Fig. 14 shows the experimental results of the evolution of the mean value for each one of the three phases when a fault occurs in the IGBT switches K 1 , K 2 , K 3 , K 4 , K 5 and K 6 .
Conclusions
In this paper, a method for detecting an inverter open leg fault and localizing an IGBT switch open-circuit fault of an IGBT is presented. Several simulation results have been given to illustrate the merits of the method and its effectiveness. An experimental work is also conducted to validate the results obtained through the simulation. This method has the advantage of being simple, effective and reliable while being based on the monitoring of the RMS value of the three-phase currents and the calculation of the mean value of the threephase currents of the faulty phase.
The monitoring of the RMS current enables us not only to detect the faulty leg but also to know the severity of the fault in each phase. If the current has increased that means that the severity has become important. This method makes it possible also to more quickly detect the faulty leg which is favorable for the use of redundant legs and can be implemented at a low cost. The calculation of the mean value of the current of the phase connected to the faulty leg is sufficient for the localization of the faulty upper or lower IGBT switch and therefore the proposed detection method allows a fast detection time for IGBT switch localization. The normalization of the currents requires a spectral analysis in order to calculate the two essential normalized coefficients for this procedure. By cons, with the proposed method in this paper, this step is completely eliminated since the proposed method relies essentially on the monitoring of the RMS value of the currents at first for the detection of the faulty leg and on a simple computation of the mean value of the currents thereafter for the open-circuit fault localization of an IGBT switch by simply distinguishing the polarity of the mean value of the current of the faulty phase. 
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